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Abstract

The combination of efavirenz with HIV-1 protease inhibitors (PI) results in complex interactions 

secondary to mixed induction and inhibition of oxidative metabolism. ACTG A5043 was a 

prospective, open-label, controlled, two-period, multiple-dose study with 55 healthy volunteers. 

The objective of the present study was to evaluate the potential pharmacokinetic interaction 

between efavirenz and dual PIs. The subjects received a daily dose of 600 mg efavirenz for 10 

days with amprenavir 600 mg twice daily added at day 11 and were randomized to receive 

nelfinavir, indinavir, ritonavir, saquinavir, or no second PI on days 15–21. Intensive 

pharmacokinetic studies were conducted on day 14 and 21. Efavirenz plasma concentrations were 

fit to candidate models using weighted non-linear regression. The disposition of efavirenz was 

described by a linear two-compartment model with first order absorption following a fitted lag 

time. Apparent clearance (CLt/F), volume of distribution at steady state (Vss/F), inter-

compartmental clearance, and the central and peripheral volume of distribution were estimated. 

The mean CLt/F and Vss/F of efavirenz were 0.126 l/h/kg and 4.412 l/kg, respectively. Both AUC 

and CLt/F of efavirenz remained unchanged after 7 days of dual PI dosing. The mean Vss/F of 

efavirenz increased an average of 89% across arms, ranging from 52% (nelfinavir) to 115% 

(indinavir) relative to efavirenz with amprenavir alone. Increases were also observed in Vp/F after 

the addition of nelfinavir, indinavir, ritonavir and saquinavir by 85%, 170%, 162% and 111%, 

respectively. In conclusion, concomitant administration of dual PIs is unlikely to have any 

clinically significant effect on the pharmacokinetics of CYP2B6 substrates in general or oral 

efavirenz specifically.
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Introduction

The combination of efavirenz with HIV-1 protease inhibitors (PI) results in complex 

pharmacokinetic interactions secondary to mixed induction and inhibition of oxidative 

metabolism [1]. Efavirenz is converted to inactive metabolites by the cytochrome P450 

enzymes, primarily CYP3A4 and CYP2B6 [2,3]. Since all currently available PIs are 

CYP3A4 inhibitors with varying inhibitory and induction activities, significant drug 

interactions have been reported when efavirenz and PIs are used in combination [4–7]. It has 

been reported that ritonavir produced a 21% increase in efavirenz exposure, whereas the 

hepatic clearance of efavirenz was unaltered by weaker inhibitors, such as indinavir, 

nelfinavir or saquinavir [8]. However, few data are available on the administration of 

efavirenz with dual PIs and the pharmacokinetic interactions that result at steady-state.

Adult AIDS Clinical Trial Group (ACTG) protocol A5043 was developed to examine these 

interactions, in which a second PI was introduced after a prior period of efavirenz and 

amprenavir in HIV-seronegative subjects [1]. Previous ACTG studies utilizing similar 

NNRTI-PI combinations have reported clinical efficacy and pharmacokinetic data for these 

combinations when taken together [9]. The primary goal of A5043 was to extend these 

studies and obtain additional data on indinavir, nelfinavir and saquinavir containing 

regimens and their dosage requirements when combined with amprenavir and efavirenz in 

healthy volunteers. At the time A5043 was developed, the routine use of low-dose ritonavir 

was not considered to be the standard of care, and the optimal approach to combining two 

PIs with efavirenz was under investigation. One of the objectives of A5043 was to obtain 

additional data to examine influence of dual PIs on efavirenz pharmacokinetics. Some 

results from A5043 are already published [1]. This report presents a compartmental model 

analysis for efavirenz and pharmacokinetic evaluation of efavirenz with dual PI 

administration.

Materials and methods

Study population

Healthy males or females were included in the study according to the following criteria: age 

between 18 and 65 years; standard medical examination, including electrocardiogram and 

laboratory tests, without signs of acute or chronic illness; seronegative for HIV. Individuals 

with a history of alcohol abuse, suspected allergic or other serious reactions to drugs, 

psychiatric disease or diseases that could interfere with drug metabolism were excluded. All 

participants gave written informed consent and the protocol was approved by the 

Institutional Review Board of all participating institutions.
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Study design

This was a prospective, open-label, controlled, three-period multiple dose study with 55 

healthy volunteers. All participants were instructed to initiate efavirenz dosing (600 mg, 

once daily) in the evening and to switch to morning administration on day 8. On day 11, 

participants began 600 mg amprenavir twice daily in addition to the efavirenz followed by a 

12 h pharmacokinetic evaluation on day 14 after the morning dose of efavirenz and 

amprenavir. After the pharmacokinetic evaluation, participants were randomized to receive 

the combination of efavirenz and amprenavir (arm A), or these two agents plus nelfinavir 

1250 mg twice daily (arm B), indinavir 1200 mg twice daily (arm C), ritonavir 100 mg twice 

daily (arm D), or saquinavir 1600 mg twice daily (arm E) for at least 7 days followed by a 

12 h pharmacokinetic evaluation (Figure 1).

Blood sampling

Participants reported to the research facility early in the morning on day 14 and day 21 

(Figure 1) after fasting overnight, and abstained from drinking alcohol or from performing 

high-impact exercise. They were allowed to drink water throughout the study. The first 

blood sample (0 h) was taken from a venous catheter, and a standardized breakfast was 

served. After the assigned medications were taken, blood samples were then collected in 7 

ml sodium heparin tubes at 1, 2, 3, 4, 6, 8, 10 and 12 h post-dose. Samples were centrifuged 

within 30 min after collection for 10 min at 800 × g to separate the plasma, which was then 

frozen at −70°C until analysis.

Safety assessment and adverse events

All participants underwent clinical and laboratory evaluations at all pharmacokinetic study 

visits and at the final safety visit. Adverse events with a severity of grade 1 or above, as 

defined by the National Institute of Allergy and Infectious Diseases, Division of AIDS 

Toxicity Tables, were monitored by the study team. For each regimen within each treatment 

arm, the number of rashes and the number of other severe reactions were counted and were 

previously reported [1].

Determination of efavirenz concentrations

Plasma concentrations of efavirenz were determined by a validated liquid chromatography-

tandem mass spectrometry (LC/MS/MS) method performed at the University at Buffalo 

AACTG Pharmacology Specialty Laboratory, which was also a participant in the quality 

assurance and proficiency testing program of the ACTG [10,11]. Briefly, efavirenz was 

isolated from plasma samples by liquid–liquid extraction with a mixture of hexane and ethyl 

acetate (1:1). The organic phase was transferred into clean glass tubes and evaporated to 

dryness at 50°C for 30 min. The residue was reconstituted with 125 μl of mobile phase and 

centrifuged at 6000 × g for 5 min to remove particulates. Two injections of each sample 

were made into the LC/MS/MS system. The first injection was for the analysis of protease 

inhibitor species, and the second injection was for the analysis of efavirenz. Efavirenz was 

eluted from a reversed phase Waters Symmetry™ C18 column (Milford, MA) using an 

isocratic mobile phase and was introduced into the MS (Applied Biosystems PE/Sciex API 

3000, Applied Biosystems, Foster City, CA) via electrospray ionization operated in the 
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negative mode. Data were collected and analysed utilizing the Analyst™ software program 

(Foster City, CA). The calibration range was 0.128 to 20.0 μg/ml. In each run, quality 

control samples of 0.48, 2.40 and 12.0 μg/ml were included. Efavirenz inter-assay variation 

expressed as the percentage coefficient of variance (%CV), was 7%, 7% and 6%, at 480, 

1200 and 2400 ng/ml, respectively. The limit of determination was 205 ng/ml.

Pharmacokinetic analysis

The pharmacokinetics of efavirenz was evaluated based on concentration-time data obtained 

on days 14 and 21, using compartmental methods (ADAPT II, Los Angeles, CA). Candidate 

structural pharmacokinetic models were fit to the data using maximum likelihood followed 

by MAP-Bayesian analysis. Efavirenz concentration data were weighted by the inverse of 

the estimated measurement variance; it was assumed that the measurement standard 

deviation was linearly related to the fitted efavirenz concentration. Model discrimination 

was based upon Akaike’s Information Criteria. Pharmacokinetic parameters estimated by the 

model included: volume of distribution at steady-state, of central and peripheral 

compartments (Vss/F, Vc/F, Vp/F); total and distributional clearance (CLt/F, CLd/F); and 

terminal half life (T1/2). The area under the concentration-time curve (AUC) was determined 

by using the following equation: .

Statistical analysis

Sample size calculations were based on a two-sided paired t-test, with the type I error rate at 

0.05, assuming a within-subject coefficient of variation (CV) in AUC of 20% for 

amprenavir. A sample size of 12 eligible subjects per arm provided 80% power to detect a 

25% difference in AUC (e.g. percent change in amprenavir AUC without versus with co-

administration of a second PI). Only subjects who were able to provide pharmacokinetic 

data on all study days were included in the statistical analysis of pharmacokinetic 

parameters. Within-subject differences between parameters on days 21 and 14 were 

evaluated using non-parametric Wilcoxon signed rank test, and a p value of 0.05 or less was 

considered statistically significant. The statistical analyses were performed using SYSTAT 

(SPSS Inc., Chicago, IL, USA).

Results

Study population

Fifty-nine participants completed all pharmaco-kinetic assessments; however, due to 

protocol errors, 55 were included in pharmacokinetic analyses. Data on the study population 

were summarized as medians and ranges: age 28 years (19–51), weight 78.6 kg (61.8–104.1) 

and height 1.80 m (1.64–1.95). Distributions by age, sex and race were similar for the 

subjects in each study arm who were included in the pharmacokinetic analyses. Only one of 

the 55 participants was female. Detailed demographic information has been previously 

reported [1].

Pharmacokinetics

A linear two-compartment model with first order absorption was used to describe efavirenz 

pharmacokinetics. Figure 2 illustrates the schematic of this model. The goodness of fit of the 
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final model to the plasma efavirenz data is presented in Figure 3. The fitted functions had no 

regions of bias and had excellent precision with an overall r2 value of 0.972.

The pharmacokinetic parameters of efavirenz, as estimated by the final model, are 

summarized in Table 1. Figure 4 provides the mean plasma efavirenz concentration-time 

profiles in each arm. Co-administration of amprenavir and a second PI from day 14 to 21 

affected efavirenz disposition only moderately. Both AUC and CLt/F of efavirenz remained 

unchanged after 7 days of dual-PI dosing. There were statistically significant changes but 

median percent differences were within 80–125%. Except for the RTV arm (D), the same is 

true for CLd/F. The mean Vss/F of efavirenz increased an average of 89% across arms, 

ranging from 52% (arm B nelfinavir, range −3–111%, p = 0.003) to 115% (arm C indinavir, 

range 68–152%, p = 0.002) relative to amprenavir alone (no second PI, day 14). Significant 

increases were also observed in Vp/F that addition of nelfinavir, indinavir, ritonavir and 

saquinavir into efavirenz and amprenavir regimen raised Vp/F by 85% (range 8–168%, p = 

0.002), 170% (range 94–320%, p = 0.002), 162% (range 22–630%, p = 0.005) and 111% 

(range 56218%, p = 0.005), respectively. The mean Vc/F, however, considerably decreased 

for most of the arms. Compared with efavirenz t1/2 on day 14, it was prolonged by 66% 

(range 6–152%, p = 0.002), 116% (range 47–260%, p = 0.002), 167% (range 6–690%, p = 

0.005) and 78% (range 13–123%, p = 0.005) for nelfinavir, indinavir, ritonavir and 

saquinavir, respectively. Relative to efavirenz ka and tlag after 14 days of amprenavir co-

administration, the adding a second PI was associated with moderate changes in these 

parameters on day 21.

Adverse events

No serious clinical adverse events were reported. In general, these combinations were very 

well tolerated and adverse events were only mild to moderate (grade 1 or 2). The most 

frequently reported adverse events during the study were central nervous system (CNS) 

toxicities. Among the subjects who completed the study on day 14, 75% and 6% 

experienced grade 1 and grade 2 CNS toxicities, respectively. Rash occurred in nine subjects 

who reported a grade 1 rash. The rashes were most often maculopapular and lasted 3–4 days, 

with no other symptoms. There was no significant difference among the arms with regard to 

CNS symptoms and rashes.

Discussion

This work reports the lack of pharmacokinetic interaction between efavirenz and co-

administered dual PIs in AACTG A5043 study. The use of compartmental pharmacokinetic 

analysis for examining efavirenz disposition in ACTG 5043 yielded estimates and 

comparisons of pharmacokinetic microconstants that would not have been identified with 

standard non-compartmental analysis. The rationale for our modeling approach relates to 

known characteristics of efavirenz that include, ~50% bioavailability [12,13] and oxidative 

metabolism via CYP3A and CYP2B6 to inactive hydroxylated metabolites including 8- and 

7-hydroxyefavirenz, with subsequent urinary and biliary excretion after glucuronidation in 

the liver [3,14,15]. In a previous investigation, nevirapine, an inducer of CYP2B6 and 

CYP3A4, significantly decreased the plasma concentrations of efavirenz, indicating that 
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either CYP2B6 or CYP3A4 or both contribute to the biotransformation of efavirenz [16]. In 

genetic association studies, the CYP2B6 516 TT genotype was associated with a decreased 

clearance and increased plasma concentrations of efavirenz in HIV-infected patients [17–

19], supporting a significant role for CYP2B6 in its biotransformation.

Previous studies have examined efavirenz with PIs and found that while PIs interact with a 

number of CYP450 isoforms and P-glycoprotein (P-gp), there is little influence on efavirenz 

disposition [20]. All currently available PIs are inhibitors of CYP3A with inhibitory 

activities ranging from weak (saquinavir) to potent (ritonavir) [4–7]. Both indinavir and 

ritonavir also inhibit CYP2C and −2D6 but to a much lesser extent than CYP3A [7]. PIs, 

however, have minimal effects on CYP2B6. Recent data indicate that most PIs are substrates 

for the P-gp drug efflux pump, and ritonavir has even been reported to be a potent P-gp 

inhibitor [21–23]. Thus, a multiple dose study on efavirenz and ritonavir in combination in 

healthy volunteers found ritonavir increased the AUC of efavirenz by 20% [2]. The 

magnitude of this effect is unlikely to be of clinical significance, and it indicates CYP3A 

(and possibly P-gp) plays a minor role in efavirenz metabolism.

The other drug that was an important component of ACTG 5043 was amprenavir, a 

moderately potent inhibitor of CYP3A4 [4,24] without notable effects on CYP1A2, −2C9, 

−2C19, −2D6, −2E1, or uridine glucuronosyltransferase activities [Product Information of 

Amprenavir (Agenerase), GSK, May, 2005]. Although amprenavir exhibits both CYP3A4 

inhibition and induction, it has minimal effect on the pharmacokinetics of efavirenz [25] 

suggesting efavirenz is metabolized primarily by CYP2B6. Thus, the pharmacokinetic 

parameters of efavirenz obtained in ACTG 5043 on day 14 in the presence of amprenavir 

were comparable to published values for efavirenz monotherapy. The estimated average 

clearance of efavirenz (0.105–0.126 l/h/kg) in the present study was smaller than that 

previously reported in patients (0.186 l/h/kg) [26], although a recent report based on 

population analysis presented a value in patients given efavirenz at 600 mg/day almost 

identical to that found in this study [27]. For volume of distribution at steady state (Vss), 

estimates ranging from 3.012 to 4.412 l/kg were consistent with literature [8,27,28]. These 

data along with previous observations indicate that amprenavir does not substantially alter 

efavirenz pharmacokinetics.

There were only moderate changes in the efavirenz pharmacokinetic parameters after 

addition of the second PI. The finding that the second PIs had no significant effect on the 

exposure [1] or clearance of efavirenz, whereas they increased its Vss/F by 52–115% and 

prolonged its half-life by 66–167%, suggests that the interaction might occur mainly during 

the distribution phases, probably through protein binding and/or interactions with membrane 

transporters that contribute to the efavirenz metabolism [3,29]. However, it is unlikely 

interactions between PIs and P-gp play a role in this phenomenon. Recent studies showed 

that efavirenz was not a P-gp substrate on P-gp-expressing LS180 V cells [30], nor did it 

modulate intestinal P-gp expression in healthy volunteers [31]. There are two possibilities: 

(1) since efavirenz and most PIs are highly protein bound, the addition of a second PI may 

displace efavirenz from protein binding sites resulting in increased free fraction, CLt/F and 

Vss/F; (2) an improved bioavailability of efavirenz by a second PI may also result in larger 

Vss/F and CLt/F. Both mechanisms, however, are not likely to be true because no CLt/F 

Ma et al. Page 6

Biopharm Drug Dispos. Author manuscript; available in PMC 2015 January 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



change was observed for efavirenz in this study. Nevertheless, the magnitude of Vss/F 

increase and t1/2 prolongation seems unlikely to be of clinical significance, and dosage 

adjustments may not be necessary. Neither Vss/F increase nor t1/2 prolongation was observed 

using non-compartmental analysis (data not shown), indicating the advantage of efavirenz 

modeling identifying pharmacokinetic changes during dual PI administration.

The lack of pharmacokinetic interactions between efavirenz and dual PIs may be mainly due 

to the fact that efavirenz is primarily metabolized by CYP2B6 whereas CYP3A4 only plays 

a minor role. According to a pilot clinical study [31], there was no correlation between 

efavirenz systemic exposure and CYP3A4 activity in healthy volunteers. An intensive in 

vitro study indicated the efavirenz is metabolized by CYP2B6 with some involvement of 

CYP3A [3]. These data suggest that CYP2B6 not CYP3A is responsible for the metabolism 

of efavirenz. Since PIs are primary CYP3A4 inhibitors, they should have little effect on 

efavirenz metabolism.

In ACTG 5043, the pharmacokinetics of efavirenz was adequately described with the 

developed pharmacokinetic model. This two-compartment model with first-order absorption 

and lag-time was similar to the model with transition compartments [28], but slightly 

different from the one-compartment models used for population analyses of efavirenz [8,27]. 

However, pharmacokinetic estimates of efavirenz obtained from the present and previous 

studies using different models were in good agreement. It sufficiently described the 

absorption of efavirenz and its slow disposition. The developed model in the present study 

can be used to further optimize efavirenz-containing therapy in HIV-infected patients, such 

as to predict the toxicity of efavirenz based on pharmacokinetic profiles. A relationship 

between blood concentrations of efavirenz and development of side effects in CNS has been 

recently suggested in 17 patients receiving long-term therapy [32].

Several limitations of our present study should be outlined. First of all, the pharmacokinetic 

interactions investigated, namely efavirenz together with amprenavir and four other PIs 

seem to be somewhat irrelevant for current therapy. This is mainly due to the fact that the 

routine use of low-dose ritonavir was not considered to be the standard of care at the time 

when A5043 was developed, and the optimal approach to combining two PIs with efavirenz 

was under investigation in A5043 protocol. Nevertheless, the results from our present study 

that PIs have negligible effects on efavirenz pharmacokinetics suggest no dose adjustment 

needed for efavirenz with concurrent use of dual PIs in clinical practice. Secondly, there 

were no measures of efavirenz exposure prior to addition of amprenavir. Previous studies 

have explored the effects of amprenavir on efavirenz pharmacokinetics showing minimal 

interactions between these two agents [25]. Furthermore, the pharmacokinetic parameters of 

efavirenz obtained in our present study in the presence of amprenavir (on day 14) were 

comparable with published values for efavirenz monotherapy. This observation reinforces 

the indication that amprenavir does not substantially alter efavirenz pharmacokinetics, which 

makes the problem less important.

Since fosamprenavir, a prodrug of amprenavir, has become the only amprenavir produced 

available for adult dosing, the clinical relevance of the present findings could be 

extrapolated for concurrent use of fosamprenavir/ritonavir and efavirenz. In a recent study, 
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fosamprenavir with and without ritonavir was added to the anti-retroviral regimens of 

healthy volunteers receiving efavirenz to evaluate this drug interaction. Despite significant 

reductions in plasma amprenavir exposure were observed following coadministration of 

1395/200 mg of fosamprenavir/ritonavir once daily and 600 mg of efavirenz, no dose 

adjustment of efavirenz was required [33] suggesting negligible effects of dual PIs on 

efavirenz pharmacokinetics. However, this notion should be interpreted with caution as 

darunavir, a new PI, with ritonavir has been reported to increase efavirenz exposure by 21% 

[34]. Therefore, interaction studies between boosted novel PIs and efavirenz are warranted.

In conclusion, efavirenz pharmacokinetics with dual-PIs can be evaluated using a 

compartmental analysis and co-administration of dual PIs had only a limited effect on the 

efavirenz pharmacokinetics suggesting no dose adjustment needed for efavirenz with 

concurrent use of dual PIs.
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Figure 1. 
Schematic representation of the study design and samples timing for A5043. APV: 

amprenavir; EFV: efavirenz; IDV: indinavir; NFV: nelfinavir; RTV: ritonavir; SQV: 

saquinavir. Pharmacokinetic evaluation of amprenavir was performed during the first PK 

visit on day 0
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Figure 2. 
Schematic representation of the basic pharmacokinetic model of orally administered 

efavirenz. A linear model with two compartments (plus an absorption site, D=Dose); fitted 

TLag followed by first order absorption (ka) into the central compartment (Vc); distributional 

clearance (CLd), between Vc and a peripheral compartment (Vp); inter-compartmental rate 

constants: kcp=CLd/Vc and kpc=CLd/Vp; total volume of distribution (Vss) is the sum of Vc 

and Vp; total clearance (CLt) out of the central compartment (T1/2, terminal half life)
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Figure 3. 
Precision of fitted functions. Model predicted concentrations highly correlated with 

observed plasma concentrations of efavirenz (r2=0.972). Data represented 1137 observations 

from 55 subjects who completed two pharmacokinetic studies (EFV: efavirenz)
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Figure 4. 
Arm-specific efavirenz concentrations b sample time when efavirenz was co-administered 

with amprenavir and with amprenavir plus a second PI. For each arm separately, mean 

efavirenz concentrations were plotted against scheduled sample times when subjects had 

taken efavirenz plus amprenavir only (day 14) and when subjects had taken efavirenz plus 

amprenavir and (on all but arm A) a second PI (day 21). Error bars indicate the standard 

deviation of efavirenz concentrations (APV: amprenavir; EFV: efavirenz; IDV: indinavir; 

NFV: nelfinavir; RTV: ritonavir; SQV: saquinavir)
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